We investigated the adsorption process of quercetin onto several inorganic fillers, such as kaolinite, calcium carbonate and alumina. Firstly, we performed equilibrium adsorption studies in order to determine the quercetin/filler adsorption isotherms, which were successfully fitted through the Langmuir model. Based on the adsorption data analysis, we estimated the maximum adsorption capacity of each filler as well as the Langmuir constant, which is related to the affinity between quercetin and the surfaces of the inorganic particles. Then, we prepared hybrids formed by fillers saturated with quercetin. The obtained composites were characterized by thermogravimetric analysis with the aim of determining the loading efficiency as well as the effect of the adsorption process on the quercetin thermal stability. According to the Langmuir isotherms, alumina revealed the most efficient support for quercetin adsorption. Finally, we observed that the interactions with the fillers' surfaces induce a reduction in the quercetin degradation temperature.
Introduction
In the last decades, inorganic particles have been proposed as fillers for numerous applications within catalysis [1, 2] , biotechnology [3, 4] , packaging [5, 6] , remediation [7] [8] [9] and restoration [10] [11] [12] . The adsorption onto the filler surfaces represents an efficient strategy to obtain drug delivery systems with controlled loading and release properties [13, 14] .
In this regard, clay nanoparticles are suitable nanocarriers because of their peculiar layered structure that can favor the entrapment of biologically and chemically active molecules [15] . Among the clay minerals, kaolinite is the most abundant worldwide. Kaolinite belongs to the 1:1 phyllosilicates group being that the component layers are formed by one octahedral sheet of alumina and one tetrahedral sheet of silica. Kaolinite possesses a platy morphology with a low specific surface area (around 8-15 m 2 g -1 ). As evidenced by a recent review [16] , kaolinite clay can be employed as a pharmaceutical excipient due to its capacity to control the release of functional components in drug administration and delivery. The rolling of kaolinite sheets generates clay nanotubes that can incorporate guest molecules (antimicrobial [17] , antioxidant [18] and anticorrosive [19] compounds) within their cavity allowing to extend their action time. Kaolinite particles can be used as removal agents for wastewater remediation as a consequence of their ability to adsorb heavy metals [20, 21] and organic pollutants [22] . Moreover, kaolinite is revealed as an effective adsorbent for dyes, such as brilliant green [23] , neutral red [24] , rhodamine 6G [8] and chrome azurol S [8] .
Calcium carbonate (CaCO 3 ) particles were successfully employed as mesoporous inorganic fillers for dyes adsorption as proved for Congo red [25] and photoditazine [26] . An efficient coating pigment can be achieved using CaCO 3 particles with 0.4-2 lm size range and a specific surface area of 4-11 m 2 g -1 [27] . CaCO 3 fillers are natural materials obtained mostly from limestone. This mineral can exhibit three different crystal polymorphs (rhombohedral, orthorhombic and hexagonal), which affect the morphological characteristics of the CaCO 3 particles and, consequently, their adsorption capacities. CaCO 3 particles are commonly used as fillers for polymer matrix. The literature [28] reports that the addition of CaCO 3 into polypropylene caused an enhancement of the mechanical properties of the polymer. Polycaprolactone/chitosan blend filled with CaCO 3 particles showed an improvement in both the mechanical performance and the thermal stability [29] .
Among nanofillers for engineering and technological applications, alumina (Al 2 O 3 ) is an emerging material because of its morphological characteristics and tunable surface properties. The synthesis of Al 2 O 3 particles can be achieved by means of different procedures, such as sol-gel preparation [30] and selective corrosion combined with coagulation separation [31] . The preparation procedures affect the geometrical characteristics of alumina. Al 2 O 3 nanorods with a length of 150 nm and a diameter of ca. 15 nm in length were prepared by calcination of fine boehmite powders at 1000°C [32] . The synthesis of alumina particles with a specific surface area of 150 m 2 g was obtained by the dehydration of diaspore to Al 2 O 3 [33] . Activated alumina particles were revealed as efficient adsorbent for heavy metals [34] , hydrocarbons [35] and textile dyes, such as Alizarin Red S and Cibacron reactive yellow [36] . Alumina can be employed as a reinforcing nanofiller for polymers as demonstrated in the nanocomposites based on poly(methyl methacrylate) [37] . Here, we studied the adsorption capacities of the mentioned fillers (kaolinite, calcium carbonate and alumina) toward quercetin, which is a natural yellow dye with anticancer [38] and antioxidant [39] activities. Quercetin is a flavonol (3-hydroxy flavones) that can be obtained by different plants, including Persian berries (Rhamnus spp.), young fustic (Cotinus coggygria), old fustic (Chlorophora tinctoria) and yellow wood (Solidago virgaurea). The encapsulation of quercetin within clay nanotubes as well as Pluronic nanoparticles was successfully conducted allowing to extend the functionality of the molecule. Accordingly, the quercetin/nanoparticle systems were revealed as promising carriers for medical treatments (as demonstrated for thyroid cancer cells [40] ) and fabrication of photooxidative resistant materials [41] .
In conclusion, this work was aimed to investigate the quercetin adsorption onto inorganic fillers. The quercetin/filler systems might be promising as functional nanocarriers on dependence of their composition, which was investigated by both equilibrium adsorption isotherms and thermogravimetry (TG). According to the recent literature, thermogravimetric analysis represents an efficient and robust method to investigate multicomponent materials [10, [42] [43] [44] [45] [46] [47] and dyes [48] . Within this, the analysis and interpretation of TG curves can provide a direct relation between the thermal behavior of composites and their corresponding composition [10] . On this basis, the thermal characteristics of quercetin/fillers systems were correlated with the corresponding adsorption isotherms driving to evaluate the perspectives of the hybrids.
Experimental Materials
Ethanol, quercetin (Q), kaolinite (Kao), activated basic alumina (Al 2 O 3 ) and calcium carbonate (CaCO 3 ) are from Sigma-Aldrich. All the products were used without any further purification.
Loading of quercetin onto the inorganic fillers
Quercetin was loaded onto the fillers by ethanol solution using a typical procedure employed for the preparation of drug/filler carriers [17] . Firstly, we prepared 100 mL of saturated quercetin solution in ethanol. (The concentration was 2 mg mL -1 .) Then, two grams of the fillers was added to the quercetin solution and the obtained dispersion was magnetically stirred for 48 h at 25°C. Successively, the dispersion was centrifuged to recover the quercetin/filler material. The latter was washed with ethanol three times in order to avoid the presence of free quercetin in the composite. Finally, the solid material was dried at 35°C to evaporate the solvent and stored in a desiccator at 25°C. The described procedure was separately conducted for the quercetin loading onto kaolinite, calcium carbonate and alumina.
Methods

Spectrophotometry
Spectrophotometric experiments were conducted to investigate the equilibrium adsorption isotherms, which provide the adsorption capacities of the fillers (kaolinite, alumina and calcium carbonate) toward quercetin. The experiments were carried out using an Analytik Jena Specord S600 BU in isothermal conditions. (The temperature was set at 25.0 ± 0.1°C.) The ethanol solution of quercetin exhibits the maximum of the absorption band at 372 nm with a specific extinction coefficient of 2.99 mL g -1 cm -1 . To this purpose, quercetin/filler dispersions were prepared and equilibrated for 48 h. The concentration of quercetin was kept constant (0.5 g mL -1 ), while the content of fillers was systematically changed. Then, the absorbance of quercetin in the supernatant was measured. The percent of the adsorbed quercetin was estimated by the following equation:
where C Qi is the initial concentration of the quercetin solution, while C Qf corresponds to the concentration of quercetin in the supernatant after the equilibration with the fillers.
Thermogravimetry (TG)
The measurements were performed using a Q5000 IR apparatus (TA Instruments) under a nitrogen flow of 25 cm 3 min -1 for the sample and 10 cm 3 min -1 for the balance. The samples (ca. 5 mg) were heated from 25 to 600°C. The heating rate was set at 20°C min -1 . TG analyses were performed on the fillers loaded with quercetin as well as on the corresponding pristine components. The temperature calibration of the apparatus was conducted on the basis of the Curie temperatures of standards (nickel, cobalt and their alloys).
Results
Equilibrium adsorption isotherms
Equilibrium adsorption studies were conducted on quercetin/filler mixtures with variable composition. Some examples of the dispersions after the equilibration are displayed in Fig. 1a , which shows the clear separation between the supernatant (ethanol phase) and the sediment (filler). Kaolinite and CaCO 3 particles did not completely adsorb quercetin as evidenced by the supernatants, which are yellow colored because of the presence of the dye. Contrarily, the ethanol phase on alumina sediment is transparent. Figure 1b shows the dependence of the adsorption efficiency (expressed as percent of adsorbed quercetin) on the concentration of the fillers in the ethanol dispersions.
As a general result, the increase in the adsorbent concentration generated an enhancement of the adsorption efficiency, which approaches a constant value as a consequence of the saturation of the fillers' surfaces. Interestingly, alumina acted as the most efficient adsorbent being that its adsorption efficiency is almost equal to 100%, while A% values for the saturated kaolinite and CaCO 3 fillers are ca. 25 and 40%, respectively.
The adsorption isotherms were successfully analyzed by using the Langmuir model, which provides the maximum adsorption capacity (Q max ) as well as the adsorption constant (K ads ) based on the equation
where C e represents the quercetin concentration in solution, and Q e is the equilibrium adsorbent capacity, which can be calculated as
being C ads the concentration of the adsorbent fillers in the ethanol dispersion. According to Eq. 2, the (Q e ) -1 versus (C e ) -1 plots exhibited a linear trend for all the investigated systems ( Fig. 2) highlighting that the Langmuir model is appropriate for the description of the quercetin adsorption onto the fillers. Table 1 obtained by the Langmuir fitting for the quercetin/fillers systems.
As concerns the adsorption constant, we detected that K ads of alumina is ca. one order larger than that of the other investigated fillers. This finding reflects the strongest affinity of quercetin toward alumina surfaces. Moreover, alumina possesses the largest Q max value in agreement with its most efficient adsorption capacity. The latter can be attributed to the largest specific surface area of alumina particles.
Thermal characterization of quercetin/fillers systems
Thermogravimetry experiments were performed on the quercetin/filler composites and their pure components with the aim to investigate (1) the quercetin loading onto the fillers' surfaces and (2) the effect of the adsorption on the quercetin thermal behavior. As shown in Fig. 3 , quercetin presents two degradation steps occurring in the temperature ranges between 120-180 and 200-400°C with mass losses of 10.4 and 49.3 mass%, respectively. The absence of mass loss from 25 to 120°C highlighted that quercetin is an anhydrous material, while the residual mass at 700°C (20.3%) evidenced that the quercetin thermal decomposition is not complete even at very high temperature. Figure 4 compares the TG curves of the quercetin/filler hybrids with those of the pure particles.
Due to the quercetin adsorption, the composite materials possess lower residual masses at 700°C with respect to those of the corresponding pure fillers. As reported elsewhere [49] , the percent of quercetin loaded on the fillers (Table 2) was estimated by the quantitative analysis of the TG data using the rule of mixtures on the residual masses at 700°C.
According to the adsorption isotherms fitting, the largest quercetin loading was detected for alumina fillers. It should be noted that the loadings calculated from TG data are in agreement with the Q max values (Table 1) for both alumina and calcium carbonate. On the contrary, the percent of quercetin adsorbed on kaolinite (Table 2) is underestimated compared with that expected by the corresponding Q max value ( Table 1) .
The influence of the adsorption on the quercetin thermal behavior was explored by focusing on the degradation step at 200-400°C being that most of the quercetin decomposes within this temperature interval (Fig. 3) . The differential thermogravimetric (DTG) curve of quercetin (Fig. 5) shows a single peak centered at 353.8°C. We observed that the DTG peak is shifted to lower temperature for all the quercetin/filler hybrids (Fig. 6) , highlighting the thermal destabilization induced by the quercetin adsorption onto the fillers' surfaces. Table 3 collects the quercetin degradation temperatures determined from the DTG peak minima. Interestingly, the strongest destabilization effect on the quercetin thermal decomposition was observed for alumina, which exhibited the highest affinity and adsorption capacity. The thermal results of the hybrids could be related to specific surface area of each nanofiller. Specifically, alumina induced the strongest catalytic effect on the quercetin thermal degradation in agreement with its largest specific surface.
Conclusions
Hybrid materials based on quercetin and several fillers (kaolinite, calcium carbonate and alumina) were investigated by equilibrium adsorption studies and thermogravimetry. The equilibrium adsorption isotherms were successfully fitted by the Langmuir model, which evidenced that alumina particles possess the strongest affinity and adsorption capacity toward quercetin. Interestingly, the adsorption constant for quercetin/alumina is one order larger than that of quercetin/kaolinite and quercetin/calcium carbonate systems. The quantitative analysis of the thermogravimetric data highlighted that the largest quercetin loading is achieved in the composites based on alumina fillers confirming the equilibrium adsorption isotherms. In general, the adsorption process generated a decrease in the quercetin degradation temperature. The strongest thermal destabilization (ca. 80°C) was detected in the quercetin/alumina composites.
